All states in the United States now have a well-established cancer registry. Linkage with these registries may be a cost-effective method of follow-up for cancer incidence in multistate cohort studies. However, the sensitivity of linkage with the current network of state registries for detecting incident cancer diagnoses within cohort studies is not welldocumented. We examined the sensitivity of registry linkage among 39,368 men and women from 23 states who enrolled in the Cancer Prevention Study-3 cohort during 2006-2009 and had the opportunity to self-report cancer diagnoses on a questionnaire in 2011. All participants provided name and birthdate, and 94% provided a complete social security number. Of 378 cancer diagnoses between enrollment and 2010 identified through self-report and verified with medical records, 338 were also detected by linkage with the 23 state cancer registries (sensitivity of 89%, 95% confidence interval (CI): 86, 92). Sensitivity was lower for hematologic cancers (69%, 95% CI: 41, 89) and melanoma (70%, 95% CI: 57, 81). After excluding hematologic cancers and melanoma, sensitivity was 94% (95% CI: 91, 97). Our results indicate that linkage with multiple cancer registries can be a sensitive method for ascertaining incident cancers, other than hematologic cancers and melanoma, in multistate cohort studies.
Large cohort studies of cancer require valid and costeffective methods for ascertaining cancer diagnoses over many years of follow-up. Two methods have been used in large cohort studies in the United States to identify new cancer diagnoses among participants: self-report by participants followed by verification with medical records and computerized linkage with state cancer registries.
Self-report, followed by verification with medical records, has been used by several multistate cohorts that began enrollment before or during the early 1990s, including the Nurses' Health Study (1) ; the Health Professionals Follow-up Study (2) ; the Cancer Prevention Study-II Nutrition Cohort (3, 4) ; the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (5) ; and the Women's Health Initiative (6) . Each of these studies collected self-reports of cancer on surveys mailed either annually (5, 6) or biennially (1) (2) (3) (4) . Using self-report to ascertain cancer diagnoses can be challenging and costly, especially when follow-up must be maintained for decades. In particular, high response rates to follow-up inquiries are needed to ensure study validity, but maintaining high response rates may be increasingly difficult in contemporary general populations (7, 8) . In addition, obtaining participant medical records for verification requires participant consent and can be further complicated by the provisions of the Health Insurance Portability and Accountability Act.
Linkage with well-established state cancer registries has long been used as a method of ascertaining incident cancer diagnoses in cohort studies that enrolled participants in only 1 or 2 selected US states, such as the Iowa Women's Health Study (9) , the California Teachers Study (10) , and others (11, 12) . The absence of a nationwide network of high-quality registries until the 2000s may have discouraged the use of registry linkage in multistate cohorts.
Linkage with multiple state cancer registries may now be a cost-effective method of ascertaining cancer diagnoses in large multistate cohorts, due to the development of a comprehensive network of high-quality state cancer registries. Following the Cancer Registries Amendment Act of 1992 (13) , the National Program of Cancer Registries of the Centers for Disease Control and Prevention was established to support the development and funding of cancer registries in all states not already covered by the National Cancer Institute's Surveillance, Epidemiology, and End Results Program. In 1998, only 14 states had statewide cancer registries that met the North American Association of Central Cancer Registries (NAACCR) certification requirements (14) . By 2005, this number had risen to 41. By 2014, 47 statewide cancer registries, as well as the registry in the District of Columbia, met NAACCR certification requirements. Of these, 39 states and the District of Columbia also met NAACCR requirements for "gold" certification, including at least 95% complete case ascertainment. Large multistate cohort studies have begun to make use of this expanded infrastructure of high-quality registries. For example, both the National Institutes of Health-AARP (NIH-AARP) Study (15) and the Southern Community Cohort Study (16, 17) ascertain cancer diagnoses through linkage with multiple state cancer registries.
The sensitivity of linkage between multistate cohorts and the current nationwide network of state cancer registries is not welldocumented. High sensitivity, defined here as detection of a high proportion of all true incident cancer diagnoses, is important to ensure that the results of epidemiologic studies are valid. To our knowledge, the sensitivity of linkage with multiple state registries has been reported in only one cohort study, the NIH-AARP cohort (18) , which enrolled participants in 6 states (California, Florida, Pennsylvania, New Jersey, North Carolina, and Louisiana) and 2 metropolitan areas (Atlanta and Detroit). In a pilot study in a subset of the NIH-AARP cohort, registry linkage detected 89% of an estimated 268 true self-reported cancers diagnosed between enrollment in 1995 and 1998 (15) . However, medical records for verification were sought only from individuals who self-reported a cancer that was not detected by registry linkage, and medical records could not be obtained from more than half of these individuals. While sensitivity appeared relatively high in the NIH-AARP pilot validation study, the 8 geographic areas included in that study were selected in part because they had high-quality cancer registries (15) . In addition, sensitivity was not examined by cancer site. It remains unclear whether linkage with a wider range of contemporary state cancer registries is as sensitive and whether the sensitivity of registry linkage varies by cancer site.
To validate ascertainment of cancer diagnoses through linkage with multiple state cancer registries, we conducted an analysis of a subgroup of 39,368 participants in the Cancer Prevention Study-3 (CPS-3), a nationwide prospective study recently established by the American Cancer Society (19) . In this subgroup, cancer incidence was independently ascertained by: 1) self-report, followed by medical record verification, and 2) standardized computerized linkage to 23 state cancer registries. The main purpose of this report is to describe the methods used for this linkage and to estimate its sensitivity for cancer overall and for specific cancer sites.
METHODS

Overall study population
The CPS-3 cohort includes over 300,000 US men and women enrolled between 2006 and 2013 (19) . CPS-3 enrollment events took place in 37 geographic areas (35 states, the District of Columbia, and Puerto Rico). As of 2015, over 99% of CPS-3 participants were residents of one of these areas. We plan to conduct follow-up for cancer incidence in CPS-3 primarily through linkage with cancer registries in these 37 areas. At enrollment, all CPS-3 participants completed an informed consent, approved by the Emory University Institutional Review Board, which provides for linkage with registries to identify or verify cancer diagnoses.
Pilot study subgroup
To estimate the sensitivity of registry linkage, we needed to independently identify true cancer diagnoses that could be used as a "gold standard." We therefore mailed all participants enrolled dur- has not yet been completed. We did not pursue linkage with the other 11 states, the District of Columbia, or Puerto Rico, because few participants in these areas had been enrolled by the end of 2009, the cutoff date for receiving the 2011 followup questionnaire on which cancer diagnoses were self-reported.
From the 44,633 participants who completed the 2011 followup questionnaire, we excluded those who were not residents of the 23 linked states at enrollment (n = 4,711) or had moved outside of the 23-state "catchment" area during follow-up (n = 554). After these exclusions, 39,368 participants remained in the validation analysis. Six participants had more than one cancer diagnosis after enrollment, according to registry linkage and/or medical record review; only information on the first diagnosis ascertained by each method was included in analyses.
Linkage protocol
We sent staff at each participating state cancer registry a data file that included identifiers from all CPS-3 participants in this analysis. Because CPS-3 participants could have moved between states, we requested linkage of all participants with the files of each state cancer registry rather than linking only with participants we believed to be living in that state. Identifiers provided by participants included first, middle, and last names as well as social security number (SSN), date of birth, sex, race/ethnicity, current address, and phone number (specific variables and percentage completeness are shown in Web Table 1 (available at https:// academic.oup.com/aje), both for participants included in this validation analysis and for all participants in CPS-3). Among participants included in the validation analysis, 94% provided a complete SSN, and an additional 4% of participants provided the last 4 digits. We requested linkage of participants against all cancer diagnoses from January 1, 2006, through December 31, 2010.
Cancer registry staff were asked to follow a standardized linkage protocol using Registry Plus Link Plus software, a probabilistic data linkage program, downloadable from the Centers for Disease Control and Prevention website (20) . We provided a detailed instruction manual for this protocol. A Link Plus configuration file tailored for our linkage was also provided. The file listed all variables for blocking (SSN, birth date, first name, and last name) and matching (SSN, birth date, first name, middle name, last name, race/ethnicity, and sex). It also included the matching algorithm for matching variables from the CPS-3 participant file to the state cancer registry file. Linkage between the files generated a score for potential matches, with higher scores indicating a higher likelihood of a true match. Registry staff were asked to manually review all matches with scores equal to or lower than a prespecified minimum score. This minimum score was designed to identify potential true matches without requiring excessive manual review, based on preliminary analyses conducted using the Georgia Cancer Registry. Registry staff compared the matching variables above, as well as address, phone number, and maiden name (when available), to assist them during the manual review process. Table 1 shows demographic characteristics of participants in this validation analysis. Nearly all participants were between the ages of 30 and 65 at enrollment, 84% were non-Hispanic white, and 76% were female. Relatively few (5%) were current Table 2 ). Participants were from every region of the United States, with 26% residing in the Northeast (Connecticut, Massachusetts, Maryland, New Jersey, New York, or Pennsylvania), 30% in the Midwest (Illinois, Indiana, Michigan, Minnesota, Missouri, Ohio, or Wisconsin), 18% in the South (Georgia, North Carolina, South Carolina, Texas, or Virginia), and 27% in the West (Arizona, California, Colorado, Oregon, or Washington). All but 10 of the 573 cancer cases identified through registry linkage were found in the cancer registry of the state they originally enrolled in. Table 2 compares results from ascertainment using linkage with cancer registries to results from ascertainment using selfreport followed by verification with medical records. The first row shows participants who did not self-report a new cancer diagnosis on their 2011 questionnaire (n = 38,111). A total of 32 of these participants (0.08%) were diagnosed with cancer according to linkage with cancer registries. Cancers, according to site, diagnosed in more than one of these participants included melanoma (9 cases), colorectal (6 cases), breast (5 cases), head and neck (3 cases), hematologic (3 cases), and vulvar (3 cases).
RESULTS
The second row of Table 2 shows participants (n = 879) who self-reported a potentially new cancer diagnosis on the 2011 questionnaire that could not be verified by medical record review or that was diagnosed outside of the time frame of this analysis (enrollment date through December 31, 2010). Results from these participants are not informative about the sensitivity of registry linkage because the majority of them are unlikely to have had a true cancer diagnosis during the time-frame covered by our registry linkage. However, results are provided in Web Table 3 detailing the reasons that self-reports of cancer from these participants were not always verifiable. The 2 most common reasons a questionnaire self-report of cancer could not be verified were that the participant did not return the consent form for obtaining medical records (n = 343) or that they made an error when they initially self-reported cancer. Specifically, 250 participants who reported a cancer on the 2011 questionnaire clarified that they had not been diagnosed with cancer (other than nonmelanoma skin cancer) when they were later sent a consent form for medical record review. Many of these participants had checked boxes on the 2011 questionnaire indicating "melanoma of the skin," thyroid cancer, or cancer of the uterus or endometrium, and they may have been reporting nonmelanoma skin cancer or diagnoses of thyroid or uterine conditions other than cancer.
The third row of Table 2 shows participants (n = 378) who self-reported a cancer diagnosis on the 2011 survey that we then verified through medical record review. Of the 378 participants with verified cancer diagnoses, 338 (89%) were also detected by registry linkage. Considering these 378 cancer diagnoses to be the "gold standard," the estimated overall sensitivity for incident cancer diagnoses was 89% (95% confidence interval (CI): 86, 92). The κ statistic (21) for agreement between self-report followed by medical record verification and registry linkage (excluding the second row where cancer status could not be determined by medical record verification) was 0.90 (95% CI: 0.88, 0.93). Table 3 shows the same 378 "gold standard" cancer diagnoses shown in Table 2 , but examines sensitivity of registry linkage by cancer site. Of the 40 cancer diagnoses missed by registry linkage, nearly half (n = 18) were melanoma. Sensitivity was statistically significantly lower for hematologic cancers (69%) and melanoma (70%) than for cancer overall. Excluding hematologic cancers and melanoma, overall sensitivity was 94%.
Sensitivity appeared similar among non-Hispanic white people (89%, 95% CI: 85, 92), Hispanics (92%, 95% CI: 79, 98), and African Americans (88%, 95% CI: 62, 98), although numbers were limited for groups other than non-Hispanic white people. In states with 10 or more cases of cancer verified by medical records, sensitivity ranged from 79% to 100%. In analyses excluding melanoma and hematologic cancers, sensitivity appeared similar for cancers categorized according to Surveillance, Epidemiology, and End Results summary stage as in situ or localized (93%, 95% CI: 90, 97) compared with those categorized as regional or distant (98%, 95% CI: 91, 100).
Because there are sometimes delays before cancer diagnoses can be entered into cancer registries, we examined sensitivity by time between diagnosis (as recorded in the medical record) and the date of registry linkage. Sensitivity appeared similar for cancers diagnosed less than 4 years from the date of registry linkage (89% of 162 diagnoses) and for cancers diagnosed 4 or more years from the date of registry linkage (90% of 216 diagnoses). We also specifically examined sensitivity by time for hematologic cancers and melanoma, the 2 cancers with the lowest overall sensitivity. We found no statistically significant differences in sensitivity for hematologic cancers and melanomas diagnosed within 4 years of linkage (3 of 4 hematologic cancers and 18 of 29 melanomas detected) compared with those diagnosed 4 or Abbreviation: CI, confidence interval. a Sensitivity was calculated as the proportion of cases verified by medical records that were also detected by registry linkage.
b Sensitivity for cancers at these sites was significantly lower than sensitivity for cancer overall (P < 0.0001 for melanoma; P = 0.026 for hematologic cancers).
c Cancer sites with fewer than 10 total cases (9 kidney, 5 lung, 5 ovarian, 4 bladder, 4 cervical, 4 head and neck, 2 brain, 2 small intestine, 1 laryngeal, 1 connective/soft tissue, 1 stomach, 1 testicular, 1 thymic, and 1 vulvar).
d One case was identified as endometrial cancer by medical record review but as cervical cancer by registry linkage.
more years before linkage (8 of 12 hematologic cancers and 24 of 31 melanomas). Table 4 examines the potential for obtaining false-positive matches from registry linkage-that is, matching a participant with a cancer diagnosis they did not actually have. As shown in Table 4 , when registry linkage identified a match, agreement between participant records and registry information was generally good with respect to SSN, date of birth, and first and last name. In addition, the great majority of cancer diagnoses identified by registry linkage were also self-reported by participants. Of the 32 registry-detected cases that were not self-reported by participants, all but 11 were exact matches on full SSN as well as first, middle, and last names. In addition, although these 32 cases did not self-report cancer on their 2011 questionnaire, 23 of them completed a follow-up questionnaire mailed in 2015, on which 8 reported the same cancer site identified through registry linkage and 8 more reported a related diagnosis (e.g., colorectal polyp instead of colorectal cancer).
DISCUSSION
In our contemporary US cohort, linkage with 23 state cancer registries identified 89% of all participants with a new cancer diagnosis and 94% of all participants with a new diagnosis of cancers other than hematologic cancers and melanoma. Our results also suggest that this registry linkage generated few false-positive cancer diagnoses.
The sensitivity of registry linkage in our study differed by cancer site. Sensitivity was significantly lower for hematologic cancers (69%) and melanoma (70%) than for cancer overall. The lower sensitivity for hematologic cancers and melanoma is likely due to underreporting of these cancers to registries. Unlike most cancers, hematologic cancers and melanoma are often diagnosed and treated entirely outside of the hospital setting and therefore cannot be completely captured by hospital surveillance systems. Underreporting of myeloid cancers and melanoma has previously been described (22) (23) (24) . In addition, in an analysis of a subset of participants in a US cohort study, melanoma and hematologic cancers accounted for a substantial proportion of all cancer cases missed by linkage with cancer registries (4) . Prostate cancers may also be diagnosed and treated outside of a hospital setting or not treated at all. However, in our study, sensitivity for identifying prostate cancer diagnoses was relatively high (89%).
To our knowledge, no previous analysis has explicitly reported the sensitivity of multistate registry linkage by cancer site. Our results suggest that studies of hematologic cancers and melanoma in the United States that require a high ascertainment rate should not rely solely on identification of cases through linkage to cancer registries. However, this could change in the future as electronic reporting from free-standing laboratories increases in the United States as part of the growing cancer surveillance infrastructure.
The generalizability of sensitivity estimates from this analysis to other US study populations needs to be considered. Our analysis was based on linkage with 23 state registries representing all regions of the United States. However, if the cancer registries in our analysis had more complete ascertainment of cancer cases or more complete identifying information on patients than other state registries, then the sensitivity observed in our analysis would be higher than in an analysis including all US registries. However, the state cancer registries included in our analysis were selected based on the timing of CPS-3 enrollment in various states, not on registry quality. Completeness of case ascertainment is likely to be similar for registries in our analysis and other state registries. Based on 2010 cancer diagnoses, 17 of the 23 state registries in our analysis met NAACCR "gold" certification requirements, which include 95% case ascertainment, compared with 23 of the 29 registries not included in our analysis. Therefore, the relatively high sensitivity we observed in our analysis appears likely to be broadly generalizable to nationwide study populations in the United States that have similarly complete information on SSN and other identifiers used for linkage.
The sensitivity of registry linkage can be reduced by outmigration of study participants to states where registry linkage is not performed. In our analysis, we excluded participants known to have moved outside of the 23 states we linked with, thereby minimizing reductions in sensitivity due to out-migration. This exclusion was appropriate for estimating the sensitivity of registry linkage for future follow-up of the full CPS-3 cohort, because out-migration to states where registry linkage is not performed will be uncommon. Future CPS-3 linkages will include all 37 geographic areas where CPS-3 enrollment events occurred. These areas included over 99% of CPS-3 participants in 2015. CPS-3 participants who move away from their original enrollment state are likely to remain within these 37 geographic areas because they include more than 93% of the overall US population (25) . Long-term cohort studies that enroll participants from a smaller number of states may benefit from linking to registries outside of their original enrollment area in order to avoid missing cases due to out-migration. The focus of this report is the sensitivity of cancer registry linkage when used as the primary method of cancer follow-up. However, in CPS-3, we plan to supplement registry linkage with other follow-up methods. Too few CPS-3 participants live outside the 37 enrollment areas to make linkage with registries outside of these areas cost-effective under current practices. Therefore, we plan to follow these participants for cancer incidence using self-reports from periodic follow-up questionnaires followed by verification with medical records. In addition, all participants, regardless of residence, who self-report certain cancersincluding breast, colorectal, hematologic, prostate, and ovarian cancer-will be asked for consent to obtain hospital medical records so that tumor samples can be collected, as we do in the Cancer Prevention Study-II Nutrition Cohort (26) . All CPS-3 participants will also be periodically linked to the National Death Index, as in Cancer Prevention Study-II (27) , providing information on vital status and cause of death, including death from causes other than cancer.
Linkage with cancer registries needs to be highly sensitive for identifying true cancer diagnoses but also needs to avoid generating false-positive cancer diagnoses (identifying cancer diagnoses in participants who did not actually have one). It is not possible to determine the exact proportion of registry matches in our analysis that were false positives, but it appears likely to be very low. More than 90% of the cancer diagnoses detected by registry linkage were also self-reported, and therefore unlikely to be false positives. Most registry-detected cancers that were not self-reported were exact matches on SSN, date of birth, and first and last name. Furthermore, our linkage protocol required that no potential match with a questionable matching score be accepted until after passing a manual review by registry staff that included the ability to compare additional matching variables, including address and phone number. The specificity of registry linkage (the proportion of participants not diagnosed with cancer who were correctly classified by registry linkage as not diagnosed with cancer) can be assumed to be high, but cannot be precisely calculated because we cannot independently determine with complete certainty which participants were not actually diagnosed with cancer.
Our results demonstrate that registry linkage can be a highly sensitive method for identifying incident cancers in cohort studies. Given that participants in contemporary cohorts may often fail to respond to requests for consent to obtain medical records, registry linkage, with appropriate informed consent, offers an important opportunity to capture critically important information about confirmed cancer diagnoses. However, completing registry linkages with multiple states requires considerable administrative effort and resources. For the 23 linkages included in this analysis, we completed a separate written application for each state registry. Many state registries also required a separate institutional review board application. Moving these applications through each state's administrative processes was often time-consuming. Other researchers have described the substantial administrative time and effort currently required for multistate linkage (27) .
NAACCR is currently developing an innovative method to facilitate simultaneous linkage of cohorts with multiple populationbased cancer registries. Through a single application process to NAACCR, researchers will submit a single cohort data file to NAACCR's data fiduciary for simultaneous distribution to each participating NAACCR member registry. Matching will occur behind each registry's firewall using a standardized protocol that safeguards the integrity and confidentiality of the registry's data. The number of matches in each state will be provided to the researchers, who may then seek information on cancer diagnoses in individual cohort members from only those registries with matches, thereby potentially saving time, money, and resources. This method will soon be demonstrated, as part of a National Cancer Institute-funded project, by matching 2 large national cohorts with cancer registries covering at least 67% of the US population. NAACCR is also developing a standardized internal review board application template and a centralized internal review board approval process, designed to facilitate the approvals process. While the extent to which individual state cancer registries adopt more standardized internal review board procedures cannot be guaranteed, we anticipate that these advancements will reduce barriers to linking cohorts with multiple population-based cancer registries, improve outcomes, and be more efficient and cost-effective.
In summary, results from this pilot study indicate that linkage with multiple state cancer registries can be a sensitive method for ascertaining diagnoses of most types of cancer in multistate epidemiologic studies in the United States. The US public has made a substantial investment in state cancer registries; making use of these registries to support multistate linkages for epidemiologic research studies provides an important additional return on this investment. More efficient administrative processes and applying standardized matching protocols across multistate linkages could help maximize the contributions of state cancer registries to cancer research by cohort studies.
